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Conclusions:
Our findings are the first to reveal the altered FC patterns and sex-dependent 48 hormone-FC relationships in prolactinoma patients, indicating the important role of hormone 49 levels in the neural mechanism of brain reorganization and hyperactive intrinsic connections in 50 prolactinomas. 51
INTRODUCTION 53
Prolactinomas are characterized by a dramatic surge of prolactin that suppresses the secretion of 54 sex steroid hormones. Evidence has been found that sex steroids can affect the structural and 55 functional organization of the brain. We have previously investigated the influence of endogenous 56 hormones on brain gray matter and neurocognition in prolactinoma patients. 1 However, functional 57 connections in prolactinoma patients have scarcely been explored. Recently, the resting-state 58 functional magnetic imaging (rsfMRI) has become a useful tool to characterize the brain's 59 functional connectivity (FC) pattern that is considered a potential metric reflecting the temporal 60 dependence of neuronal activation patterns of spatially separated brain areas. 2 61
The aim of the current study was to determine the functional connectivity patterns in 62 prolactinomas. We hypothesized that prolactinoma patients would show abnormal functional 63 connectivity patterns related to the increased endogenous hormone levels. 64
METHODS

66
Study Population 67
Thirty-three prolactinoma patients and 31 healthy controls participated in this study. All patients 68 were recruited in the Department of Neurosurgery during diagnostic hospitalization. The inclusion 69 and exclusion criteria were described in our previous work 1 . 70 All procedures were under the Declaration of Helsinki and approved by the Ethical Committee 71 of General Hospital of Chinese PLA Central Theater Command (Approved ID: [2017] 024-1). The 72 study protocol was fully explained, and written informed consent was acquired from all 73 participants. 74 75
Hormone Assays and Visual Assessment 76
The measurement of hormone levels in serum was described in our previous work 1 . All patients 77 routinely underwent complete ophthalmologic examinations at admission. The E chart was used 78 to measure the best-corrected visual acuity. The visual field parameter was obtained using the 79 standardized, automated perimetry (Octopus 900 Perimetry, Switzerland). 80
81
MRI Data Acquisition 82
The MRI data were acquired with a 1.5 Tesla scanner (GE EXCITE, Milwaukee, USA) using an 83 8-channel head coil. The structural MRI acquisition was described in our previous study 1 
Whole-brain Functional Connectivity Analysis 99
For the whole-brain FC analyses, 132 regions of interest (ROIs) were defined using the brain 100 parcellation implemented in the CONN toolbox. The mean time series of each ROI was extracted 101 to construct the ROI-to-ROI correlation matrices, which were then converted to z scores using 102
Fisher's z-transformation. To correct multiple comparisons between groups, a seed-level false 103 discovery rate (FDR) method with the significant threshold of p < 0.05 was performed. 104 105
Statistical Analysis 106
Group differences were compared using two-sample student's t-test or Pearson's Chi-Squared test, 107
as appropriate. The partial correlation analysis was performed to determine the relationship 108 between FC metrics and hormone levels controlling the factors of age, tumor volume, and disease 109 history. Significance was set at p < 0.05 (two-tailed). Statistical analyses were performed using 110 JASP version 0.10.2 (https://jasp-stats.org/). 111
112
RESULTS
113
Clinical Characteristics 114
There were no differences between prolactinoma patients and healthy control in age (p = 0.266) 115 and sex (p = 0.477). The other clinical characteristics were described in Table 1 . 116 117
Altered Whole-brain FC Patterns 118
Compared to healthy controls, prolactinomas showed increased FC between the left thalamus and cingulate gyrus (PC), bilateral temporal fusiform cortex (TFusC)], and the left supplemental motor 123 area (SMA) and right lingual gyrus ( Fig. 1) . In addition, the increased FC of the thalamus and 124 visual cortex were more prominent in patients with visual field impairments (VFI) compared to 125 patients without VFI ( Supplementary Table 1 ).
Relationship between Hormone Levels and FC Metrics 128
In prolactinomas, females showed a significantly positive correlation between the prolactin level 129 and the FC of left thalamus and right lingual gyrus. Males showed a positive correlation between 130 the testosterone level and the FC of right cerebellum and left fusiform gyrus as well as the 131 correlation between the LH level and the FC of left SMA and right lingual gyrus (Fig. 2) . 132
133
DISCUSSION
134
To our knowledge, this study is the first to demonstrate the altered whole-brain FC patterns in 135 prolactinomas and their relationships with endogenous hormone levels. 136
Our first notable finding is the illustration of increased functional connectivity between the left 137 thalamus and visual cortex/association areas (lingual gyrus, ICC, SCC, cuneal cortex, and LOC). 138
The thalamus is both the primary integrator and the gateway of sensory input to the cerebral cortex. 139
Visual cortex/association areas mainly receive input of visual signals coming from the retina via 140 the lateral geniculate nucleus of the thalamus. Considering the different visual-related FC patterns 141 between patients with VFI and without VFI, these hyperactive intrinsic connections may illustrate 142 compensatory activity within the visual system, which is consistent with a previous study. 3 143
Another important finding is the increased cerebellar-cerebral connectivity that is mainly between 144 the right cerebellum to the default mode network (DMN) 4 (posterior cingulate cortex 145 (PCC)/precuneus), and to bilateral TFusC. The PCC/precuneus plays a pivotal role in controlling 146 the state of arousal and maintaining attention. 4 TFusC mediates a variety of higher cognitive and 147 emotional functions that relate to the processing of face/object perception. 5 The cerebellum is also 148 prominently activated in control of negative emotional processing and occurred concomitantly 149 with the mirror neuron system, including TFusC and precuneus. 6 Thus, there might exist functional 150 connections between the cerebellum and DMN/TFusC. In addition, the thalamus plays a critical 151 role in modulating the communication within cortico-cerebello-cortical parallel closed loops that 152 involve DMN, salience, attention, and sensorimotor networks. 7 Therefore, the increased FC of 153 cerebellum and fusiform/DMN/thalamus may contribute to the hyperactive intrinsic connections 154 serving dysfunctional cognitive or emotional processing in prolactinomas. 155
Hormones affect brain development, organization, and plasticity. 8 The prolactin receptor is 156 distributed broadly in the brain and can mediate the regulation of neuronal excitability, neurotransmission, and channels in the nervous system. 9 Evidence has emerged supporting the 158 critical role of tuberoinfundibular dopamine neurons in the remarkable plasticity and the necessity 159 of their function during lactation. 10 However, owing to the anti-correlation of prolactin and 160 dopamine, the underlying mechanism of how prolactin influences brain reorganization is unknown. 161 LH and testosterone may contribute to brain reorganization by modulating neural plasticity 162 through routes engaging actin sytoskeleton 11 and the growth of white matter in the brain. 12 Thus, 163 our findings of the relationships between hormone levels and the altered FC may illustrate the 164 potential influence of endogenous hormones in brain reorganization in prolactinoma patients who 165 usually display a cascade of hormone disorders. 166
However, several limitations should be addressed. First, the mass effect of the bulky tumor on 167 surrounding structures was challenging to be completely ruled out even the tumor size was 168 adjusted during the data analysis. Second, diffusion tensor imaging could be employed to assess 169 the structural integrity of the visual pathway in future work. Third, the relationship between 170 hormone levels and the altered FC in males might have been biased due to the relatively small 171 sample size. 172
Overall, our findings provide new insights into the altered FC patterns and the important role of 173 endogenous hormones in the neural mechanism of brain reorganization in prolactinomas. TFusC, temporal fusiform cortex; SMA, supplemental motor area. 256
